Members of the Staphylococcus aureus phenol-soluble modulin (PSM) peptide family are secreted as functional amyloids that serve diverse roles in pathogenicity and may be present as full-length peptides or as naturally occurring truncations. We recently showed that the activity of PSMα3, the most toxic member, stems from the formation of cross-α fibrils, that are at variance with the cross-β fibrils linked with eukaryotic pathologies. Here, we show that PSMα1 and PSMα4, involved in biofilm structuring, formed the canonical cross-β amyloid fibrils; atomic structures of their amyloidogenic segments featured highly stable stericzippers, formed by the tight mating of β-sheets. This ultra-high stiffness most likely allows stabilization of the biofilm extracellular matrix. Contrastingly, a truncated PSMα3, found to form reversible fibrils and to have antibacterial activity, revealed two polymorphic and atypical β-rich fibril architectures, which radically differed from both the cross-α fibrils formed by full-length PSMα3, and the cross-β fibrils formed by PSMα1 and PSMα4. Our results point to structural plasticity as the basis of the functional diversity exhibited by S. aureus PSMs.
Staphylococcus aureus is a prominent cause of threatening infections 12 and its PSM family members 13 serve as key virulence factors that stimulate inflammatory responses, alter the host cell cycle, lyse human cells and contribute to biofilm structuring 14, 15 . High expression of PSMαs, which are four peptides of about 20-residues in length, increases virulence potential of methicillin-resistant S. aureus (MRSA) 16 . Amyloid aggregation plays roles in PSM activities in S. aureus. For example, fibrillation of PSMα1 promotes biofilm stability by preventing disassembly by matrix-degrading enzymes and mechanical stress 14 .
In addition, fibrillation of PSMα3, enhances its toxicity against human cells 10 . Still, the extent of amyloid fibrillation in all PSM activities remains unclear, especially since PSMs are known to undergo truncation in vivo in response to various external stimuli, yielding truncated PSMs with new functions such as antibacterial activities [17] [18] [19] [20] [21] . As each of the truncated PSMs may adopt a different type of amyloid architecture, the array of structural species produced by PSMs is much larger than the actual number of PSMs. In the present study, we investigated the structure-function relationships of PSMαs and their short truncations ( Supplementary Fig. 1 ). Our results illuminate the formidable structural plasticity of the multifunctional PSM family.
Results
We found that in contrast to PSMα3, which forms cross-α fibrils 10 , PSMα1 and PSMα4 fibrils, observed by electron microscopy (Fig. 1a&b ), exhibit the cross-β signature in X-ray diffraction patterns (Fig. 1c&d) , and indeed bind the amyloid-indicator dye thioflavin T 22 ( Supplementary Fig. 2) . It was previously shown that, in solution, PSMα1 and PSMα4 transition from α-helices to parallel β-sheets within several days, whereas PSMα3 remains helical 22 . To obtain atomic-level insights into the architecture of PSMα1 and PSMα4 fibrils, we computationally identified their amyloidogenic segments ( Supplementary Fig. 1 ), and determined their high-resolution structures by means of X-ray crystallography (Supplementary Table 1 ). Segments PSMα1-IIKVIK and PSMα4-IIKIIK, both of which are conserved within naturally occurring PSM truncations [18] [19] [20] , adopt the canonical cross-β fibril architecture, wherein pairs of β-sheets tightly mate through a dry interface, forming a steric zipper ( Fig. 2 & Supplementary Fig. 3a ). Both fibrils belong to the class 1 of steric zippers, meaning that parallel β-sheets mate face-to-face 23 . Structural indicators of fibril stability of the segments, i.e., buried surface area and shape complementarity between sheets, resemble those of eukaryotic steric-zipper structures (Supplementary Table 2 ). The similarity between PSMα1 and PSMα4 segments and human pathological amyloids demonstrate that cross-β amyloids are a structural trait shared across species, from bacteria to human.
PSMα3 is toxic to human cells but certain single-point mutations are known to confer antibacterial activity 24 . Indeed, the LFKFFK segment from PSMα3, which forms fibrils ( Fig.   3b ), demonstrates dose-dependent antibacterial activity against Gram-positive Micrococcus luteus and Staphylococcus hominis, but is nontoxic to S. aureus ( Fig. 3a & Supplementary   Fig. 4 ). The observation that the steric-zipper-forming segments PSMα1-IIKVIK and PSMα4-IIKIIK do not elicit antibacterial activity ( Fig. 3a & Supplementary Fig. 4 ) indicates that fibrillation is, in itself, insufficient to confer toxicity. Likewise, toxicity of truncated PSMs cannot be ascribed to charges of their amino-acids, since all three segments feature two basic and four hydrophobic side chains. Contrastingly, antibacterial activity is preserved in the one-residue longer PSMα3 truncation, KLFKFFK ( Fig. 3a & Supplementary Figs. 4&5). Thus, the antibacterial activity of the LFKFFK and KLFKFFK segments could stem from the specific fibril architecture they adopt.
We obtained two atomic resolution structures of LFKFFK, both of which revealed a departure from cross-β fibrils and an atypical amyloid architecture ( Fig. 4 ). One polymorph was fundamentally different from steric-zippers, displaying no dry interface between pairs of β-sheets. Instead, hexamers of β-sheets formed cylindrical channels running along the fibrillike structure, effectively yielding nanotubes (Fig. 4a ). The second polymorph was composed of out-of-register β-sheets ( Fig. 4b ), meaning that unlike in canonical cross-β fibrils, βstrands are not perpendicular to the fibril axis 25, 26 . Such extreme polymorphism is exceptional within the hundreds of structures of amyloid-like spine segments solved to date 27 . We further found that biofilm-related PSMα4-IIKIIK fibrils are astonishingly more stable than the antibacterial PSMα3-LFKFFK fibrils. While IIKIIK fibrils remain stable at an elevated temperature, explaining their structural role in stabilizing the biofilm and in accordance with their steric-zipper structure, the LFKFFK fibrils dissolve, but reform upon cooling ( Supplementary Fig. 6 ). This resembles the labile hydrogel formation of low-complexity, aromatic-rich, protein segments associated with membraneless assemblies, which form fibrils with kinked β-sheets 28, 29 . The reversible LFKFFK fibril formation could thus underlie regulation of a functional role.
Discussion
Work on human disease-associated amyloids has shown that the vast majority of amyloids are β-rich and polymorphic by nature 27 , which was suggested to encode different level of neurotoxicity and prion strains 30 . We hypothesize that functional amyloids are even richer in polymorphisms, as they encode highly diverse functions in a reduced number of related sequences. In the present study, we found considerable structural diversity among close homologs ( Supplementary Figs. 1&7) . While PSMα3 forms cross-α fibrils and enhances toxicity against human cells 10 , PSMα1 and PSMα4 form cross-β fibrils ( Fig. 1 ) which likely play a role in stabilizing the biofilm matrix 14 . Biofilms formed by pathogenic S. aureus strains displaying robust amyloid fibril formation indeed contained a high level of PSMα1 and PSMα4 fibrils 14, 31 . The role of amyloid in biofilm development is evidenced in other β-rich microbial amyloids, e.g., curli CsgA from Escherichia coli 7 and FabC in pseudomonas 32 . The highly stable steric zipper structures ( Fig. 2 & Supplementary Fig. 3 ), forming the spines of the cross-β fibrils, putatively serve as the building block cementing the biofilm and creating the rigidity that can explain the resistance of amyloid-containing biofilms 8, 14 .
A noticeable difference between the steric-zipper structures of the PSMα1 and PSMα4 segments, and the two polymorphs of the LFKFFK segment, is the orientation of the β-strands, namely parallel vs. antiparallel, respectively (Figs. 2 & 4) . Fibrils with β-sheets arranged in an antiparallel orientation are generally more toxic than those with a parallel arrangement [33] [34] [35] [36] . Moreover, the cylindrical architecture of LFKFFK polymorph I (Fig. 4a ) is reminiscent of that displayed by a polymorph of amyloid-β fibrils 37 , and a HET-s prion fragment 38 . Similarly, stable toxic oligomeric species of α-synuclein 39 and a segment of the human αB-crystalline, named cylindrin 40 display antiparallel β-strand orientation and cylindrical architectures. The second polymorph of LFKFFK is composed of out-of-register β-sheets ( Fig. 4b ), a morphology that was also suggested to serve as a pathway to toxic amyloid aggregates 25 , and the interface between the sheets is reminiscent of the KLVFFA segment of amyloid-β 36 . Thus, the two different polymorphs of the antibacterial peptide LFKFFK display features which, in human disease-associated amyloids, correlate with toxicity. The PSMα3 sequence largely offers a fascinating peek at the complexity of the amyloid fold, populating β-rich amyloid states in the truncated antibacterial LFKFFK form, but forming cross-α fibril in the context of cytotoxic full-length PSMα3 10 .
A link between amyloids and antibacterial activity has been previously proposed, following the observations that several human host defense peptides form amyloid-like fibrils 41, 42 , and that several human pathological amyloids display antimicrobial action [43] [44] [45] [46] .
LFKFFK presents an additional example, further associating antibacterial activity with atypical and reversible fibril architectures, which differ from those yielding the highly stable fibrils playing a structural role in biofilms. While it remains unclear which (if not both) polymorph(s) is (are) associated with antibacterial activity, our two LFKFFK structures suggest that specific structural features are required to yield such activities. The biological relevance of the LFKFFK segment of PSMα3 is supported by the observation that LFKFFK is nontoxic to the PSMα3-secreting S. aureus, but toxic to the closely related S. hominis and to M. luteus (Fig. 3 ). This suggests a mechanism by which S. aureus is able to adapt to the toxic fold of LFKFFK fibrils. The segments are shown in ribbon representation, with side chains shown as sticks with gray carbons and blue nitrogen atoms. Water molecules (oxygen in red) and chloride ions (green) that counteract the charge of the lysine side chains, are shown as small spheres. (b) Crystal structure of LFKFFK polymorph II determined at 1.85Å resolution, revealed a rare amyloidlike architecture of out-of-register β-sheets 25, 26 , in which each β-strand is at an angle of ~50° from the fibril axis, instead of the close to 90° angle found for in-register sheets. In both polymorphs, the β-sheets are composed of anti-parallel strands. In the left panel, the view is perpendicular to the fibril axis, and in the right panel, the view is down the fibril axis. The segments are shown in ribbon representation, with side chain shown as sticks. The carbons within each β-sheet are colored either gray or light blue, and nitrogen atoms in side chains are colored blue.
Methods

Peptides and Reagents
PSM native peptides and shorter derivatives (custom synthesis) at >98% purity were purchased from GL Biochem (Shanghai) Ltd., as well as from GenScript. The short (6-7 residues) PSMα segments were synthesized with capped termini (acetylated in the Nterminus and amidated in the C-terminus) or with unmodified termini for crystallography. 
Peptides pre-treatment
Lyophilized synthetic PSMαs were dissolved in HFIP to a concentration of 0.5 mg/ml followed by a 10 minutes sonication in a bath-sonicator at room temperature. The organic solvent was evaporated using a mini rotational vacuum concentrator (Christ, Germany) at 1,000 rpm for 2 hours at room temperature. Treated peptides were aliquoted and stored at -20°C prior to use.
Computational prediction of amyloid spine segments
Amyloidogenic propensities of segments from PSMαs were predicted using combined information from several computational methods, including ZipperDB 47 , Tango 48, 49 , Waltz 50 and Zyggregator [47] [48] [49] [50] [51] .
Fibril X-ray diffraction
Pre-treated PSMα1 and PSMα4 peptide aliquots were re-dissolved in DMSO to 20 mM and immediately diluted 2-fold in ultra-pure water. To prepare the sample, 2 μl droplets of the peptide solution were placed between two sealed-end glass capillaries, and incubated at 37°C for 2 days to allow fibril formation. X-ray fibril diffraction of PSMα1 fibrils was collected at the micro-focus beamline P14 operated by EMBL Hamburg at the PETRA III storage ring (DESY, Hamburg, Germany). X-ray fibril diffraction of PSMα4 fibrils was collected at the micro-focus beamline ID23-2 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
Thioflavin T (ThT) fluorescence fibrillation kinetics assay
Thioflavin T (ThT) is a widely used "gold standard" stain for identifying and exploring formation kinetics of amyloid fibrils, both in vivo and in vitro 52 
Transmission electron microscopy
Fibrillated PSMα1 and PSMα4 samples were collected following the ThT fibrillation kinetics assay (as described above) by combining the contents of 2-3 wells from the plate. Solutions were centrifuged at 21,000xg and the supernatant was discarded. The pellet containing the fibrils was re-suspended in 20 μl of ultra-pure water.
Fibril formation of the short segments, IIKIIK, IIKVIK, LFKFFK and KLFKFFK, was examined for peptides dissolved directly from the powder form. IIKVIK from PSMα1 and IIKIIK from PSMα4 were re-suspended to 20 mM with 75% DMSO in ultra-pure water and incubated for about one week at room temperature (Fig. 2b) . LFKFFK and KLFKFFK from PSMα3 were re-suspended in ultra-pure water to 10 mM. LFKFFK was incubated for about a month at room temperature (Fig. 4b) . KLFKFFK was incubated for 14 days at room temperature ( Supplementary Fig. 5 ).
Five-microliter samples were applied directly onto copper TEM grids with support films of Formvar/Carbon (Ted Pella), which were charged by glow-discharge (PELCO easiGlow, Ted Pella) immediately before use. Grids were allowed to adhere for 2 min and negatively stained with 5 μl of 2% uranyl acetate solution. Micrographs were recorded using FEI Tecnai G2 Fibril thermal-stability assay ( Supplementary Fig. 6 )
Peptides were dissolved to 10 mM (LFKFFK in ultra-pure water and IIKIIK in DMSO) and incubated at room temperature for three days. Samples were applied directly onto copper TEM grids and stained as described above. The samples were then incubated at 50°C in a pre-heated thermoblock for 5 minutes and immediately applied onto TEM grids. The samples were then allowed to cool down at room temperature for 20 minutes and applied onto TEM grids. Micrographs were recorded as described above.
Crystallizing conditions
Peptides synthesized with free (unmodified) termini were used for crystallization experiments. IIKVIK of PSMα1 and IIKIIK of PSMα4 were dissolved in 0.5% acetonitrile in ultra-pure water at 10 mM, and LFKFFK of PSMα3 was dissolved in ultra-pure water at illustrated with Chimera 60 . There were no residues that fell in the disallowed region of the Ramachandran plot. Crystallographic statistics are listed in Supplementary Table 1 .
Calculations of structural properties
The Lawrence and Colman's shape complementarity index 61 was used to calculate the shape complementarity between pairs of sheets forming the dry interface. Area buried was calculated using AREAIMOL 62,63 with a probe radius of 1.4 Å. Calculations were performed using the CCP4 package 57 . The summation of the differences between the accessible surface areas of one molecule alone and in contact with the other strands on the same sheet or opposite sheets, as indicated in Supplementary Table 2 , constitutes the reported area buried.
Bacterial strains and culture media
Micrococcus luteus (an environmental isolate) was a kind gift from Prof. Charles Greenblatt from the Hebrew university in Jerusalem, Israel. An inoculum was grown in Luria-Bertani (LB) medium at 30°C with 220 rpm shaking overnight. Staphylococcus hominis (ATTC 27844) and Staphylococcus aureus (ATCC 25923) were purchased from ATCC, USA. An inoculum was grown in brain-heart infusion (BHI) media at 37°C with 220 rpm shaking overnight.
Disc diffusion assay
Bacterial cultures were grown overnight as described above and diluted 1000-fold to a fresh media until growth reached to optical density of ~0.4 measured at 595 nm (OD595). The refreshed cultures were plated on LB-agar or BHI-agar according to the bacterial strain. The antibacterial activity of PSMα segments was examined. Lyophilized peptides were dissolved in ultra-pure water (LFKFFK and KLFKFFK) or DMSO (IIKVIK and IIKIIK) to a final concentration of 50 mg/ml. The concentrated peptide solutions were loaded on blank antimicrobial susceptibility discs (Oxoid, UK). Discs loaded with ultra-pure water or DMSO were used as controls. The discs were gently placed on bacteria plated agar and incubated over-night at the appropriate temperatures.
Antibacterial activity in solution
Bacterial cultures were grown overnight as described above and diluted 1,000-fold to a fresh media until growth reached to OD595 of ~0.4. Peptides were dissolved to a concentration of 
Supplementary Figure 2. Thioflavin T binding and fibrillation kinetics of PSMα1 and PSMα4
Fibrillation kinetics of PSMα1, PSMα4 and mutants that sustained substitution of two residues within the predicted amyloidogenic region to proline residues (PSMα1 I7P/K9P and PSMα4 I8P/I10P). The fibrillation reaction contained 50 µM peptide and 200 µM Thioflavin T. PSMα1 and PSMα4 showed rapid fibrillation following a ~20 h lag time.
The mutants showed no ThT binding. The graph shows mean fluorescence readings of triplicate ThT measurements.
Supplementary Figure 4. Antibacterial activity of LFKFFK and KLFKFFK in solution
The 
Supplementary Figure 5. Electron micrograph of the KLFKFFK segment from PSMα3
Electron micrograph of a twisted crystalline fibril of KLFKFFK after fourteen days of incubation at room temperature.
Supplementary Figure 6. LFKFFK forms thermo-reversible fibrils compared to the stable IIKIIK fibrils
LFKFFK formed fibrils at room temperature, which dissolved upon heating to 50°C and reformed after cooling, albeit with a different morphology. In contrast, IIKIIK fibrils were thermo-stable. Both peptides were incubated for three days at room temperature before fixation and heating-cooling cycles. The same sample was assayed following temperature change. Thermostability of the fibrils corresponded to the crystal structures; IIKIIK showed the highly stable steric-zipper architecture, while LFKFFK formed atypical amyloid-like structures. The values of shape complementarity and surface area buried calculated for the PSMα structures are compared with those of the NNQQNY segment from yeast prion Sup35 (PDB code 1YJO) 9 steric zipper structure. The NNQQNY was chosen for this comparison as it shows one of the highest values of shape complementarity and surface area buried among steric zipper structures 10 . a The number depicted is the percentage of the total accessible surface area of one strand (colored purple) that is in contact with the surrounding depicted strands (colored grey). b LFKFFK assemble into antiparallel β-sheets in both forms, hence each of the antiparallel β-strands forms a difference interface that was calculated separately.
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